Based on the predictions of the relevant form factors from the covariant light-front quark model, we show the branching fractions for the D(D s ) → (P, S, V, A) ℓν ℓ (ℓ = e or µ) decays, where P denotes the pseudoscalar meson, S the scalar meson with a mass above 1 GeV, V the vector meson and A the axial-vector one. Comparison with the available experimental results are made, and we find an excellent agreement. The predictions for other decay modes can be tested in a charm factory, e.g., the BESIII detector. The future measurements will definitely further enrich our knowledge on the hadronic transition form factors as well as the inner structure of the even-parity mesons (S and A).
I. INTRODUCTION
The Cabibbo-Kobayashi-Maskawa (CKM) matrix describing the quark flavor mixing [1] has been a key skeleton of the Standard Model (SM). Precise determination of its matrix elements is one of the central tasks for both theoretical and experimental colleagues all along.
Any deviation from the unitarity relation is believed to be an exciting signal of New Physics (NP). As it is known, the semileptonic decay of heavy flavor meson plays an important role in extracting CKM elements, e.g., the V cd from c → d decay and V cs from c → s decay.
The extraction of V cq (q = d or s) needs some sophisticated knowledge of the form factors relevant for the decay process.
We first briefly introduce the form factors to be used in this work. Among the various models, we will concentrate on the description of form factors from the covariant light-front quark model (CLFQM). In 1949, Dirac proposed three different forms fulfilling the special theory of the relativity and the Hamiltonian formulation of the dynamics [2] : instant form, point form and light-front form. The light-front form (x + = x 0 + x 3 = 0) has the advantages that there are only three Hamiltonians from the ten fundamental quantities in the Poincaré group and that the square root is absent in the Hamiltonians such that one can avoid the negative-energy states. The quark model expressed in the light-front form constitutes the socalled light-front quark model, which has been extensively developed to treat the electroweak (radiative and semileptonic) decays of the mesons in the early 1990s [3, 4] . In such theory, one can first draw the Feynmann diagram and then write down the amplitude. Meson is a bound state of its quark component qq. The vertex function between the meson and itsis obtained from the wave function composed of the momentum distribution of the constituent quarks in the meson and the spin part. The latter involves the Melosh-type rotation from the conventional spin state (or the so-called instant form of the spin state by Dirac) to the one in the light-front form. In fact, the occurrence of the light-front form can be also easily seen from the infinite-momentum frame [5] . The quark internal line is just given by the fermion propagator. Taking the plus component of the corresponding current matrix element will
give the final result for the form factor. Note that in such a conventional light-front quark model, the internal quarks are on their mass shells, and the zero-mode effect is missed which renders the theory non-covariant. Considering these defects, the covariant light-front quark model (CLFQM) [6] was later proposed (see also more works on this aspect in [7] [8] [9] and a very recent work [10] ). Following the lines of Ref. [6] , Cheng, Chua and Hwang have systematically studied the decay constants and form factors for the S-and P -wave mesons in 2003 [11] , while an update was done in Ref. [12] . In the latter reference, the author applied the available experimental information and the lattice results for the decay constants to constrain (part of) the parameters β in the wave functions, and also incorporated the D s and B s decays. However, only the relevant form factors are presented in Refs. [11, 12] . In this work we shall further provide the branching fractions which are the true observables in experiment such that we can make a direct comparison between theory and experiment.
Moreover, the large statistics accumulated by the BESIII is capable of carrying out such a task.
We discuss below how we understand the main usage of the branching fractions predicted in this work. Our considerations are as follows:
• |V cd | and |V cs | are well-determined quantities, which are also used as input for calculating the branching fractions.
• We will see below that the comparison of the theoretical predictions with experimental measurements for P and V mesons leads to an excellent agreement. This demonstrates that the CLFQM works very well.
• To calculate the branching fractions, we have considered the underlying structure of the final-state meson, e.g., the mixing angles for axial-vector f 1 , h 1 and K 1 mesons.
Especially, the scalar isosinglet f 0 states above 1 GeV are considered as the mixture ofand the glueball state G. The confrontation of our theoretical predictions with experiment will help pin down the issue of the underlying structures of these mesons.
Emphasis will be put on the scalar and axial-vector mesons, which are less understood compared to the pseudoscalar and vector octet ones.
• The three-body semileptonic decay provides a clean environment for the study of the weak hadronic transition as well as the underlying structure of the involved mesons [14] [15] [16] . For a super tau-charm factory, the luminosity will be further enhanced by 100 times [17, 18] .
The outline of this work is as follows. For completeness, we show in Sec. II the formula for decay rates in details. Then in Sec. III the results for the branching fractions are summarized in Table I for the electron mode and II for the muon mode. The discussions are also presented there. Sec. IV comes to our conclusions.
II. FORM FACTORS, DECAY RATES
We will follow the Bauer-Stech-Wirbel (BSW) model [19] for the convention of form factors and its extension to scalar and axial-vector mesons [11] . The pseudoscalar, scalar, vector, and axial-vector mesons are denoted by P, S, V and A, respectively. The form factors are given by
for the transition of D (s) → P , and
for the D (s) → S transition. In above equations, V µ and A µ are the corresponding vector and axial-vector currents dominating the weak decay. The momenta p and q are defined as
is the four-momentum of the initial (final) meson.
It has been shown [11, 21] that the additional factor of (−i) in Eq. (2) follows from the 2 Some early studies on the flavor-symmetry breaking of D → P form factors can be found in e.g., Ref. [20] .
demand of positive form factors; it can be also seen by the calculations utilizing the heavy quark symmetry. As for the D (s) → V transition, we have
where the relation between A 3 (q 2 ) and A 1 (q 2 ), A 2 (q 2 ) has been used. Finally, form factors
Two remarks are in order:
• For the D (s) → A transition form factors, we follow the definitions in Refs. [11, 22] , i.e.,
we have made the replacements m
ones in Ref. [23] since it has been shown in [11] that such replacements will make the transitions B → D * 0 , D 1 fulfilling the similar heavy-quark-symmetry relations as that for B → D, D * ones.
• In order to cancel the singularity due to q 2 = 0, we need the constraints
It is easily checked that the corresponding values of form factors listed in Refs. [11, 12] indeed fulfill them.
As mentioned in the Introduction, Ref. [12] is an updated version of Ref. [11] , and we will stick to the form factors obtained there based on CLFQM.
In CLFQM q + = 0 is chosen, and then q 2 = −q 2 ⊥ < 0, i.e., in the spacelike region. However, the physical situation requires form factors be timelike (q 2 > 0). In Ref. [3] , an explicit form for the form factor is proposed under the assumption that it is a continuously differentiable function of q 2 . That form is assumed to be valid in the full range of q 2 , i.e., the timelike region can be continued from the spacelike one, thus the values in the enviroment of q 2 = 0 is crucial. The parameters appearing in the form factor are determined by the calculation of the appropriate derivatives. In fact, the parameters can be better determined by a fit, as has been done in Refs. [11, 12] . Explicitly, we take
where the values for F (0), a, b corresponding to the transitions considered in this work have been calculated in Refs. [11, 12] . As discussed in [11] , the form factor V 2 (q 2 ) for
transition approaches zero at very large −|q 2 | where the three-parameter parametrization (2.19) becomes questionable. To overcome this difficulty, we will fit this form factor to the form
In Fig. 1 , we illustrate the difference between Eqs. (8) and (9) as in Table 9 of Ref. [12] . Clearly, the difference between the solid and dashed lines is large such that their integration over q 2 (the area formed by the curve and x−axis) involved by the differential decay rate can differ by a factor of two. One may also consider whether m D should be replaced by m Ds when treating the D s decays. In fact, the difference induced by such a replacement is negligible, as can be seen by comparing the dotted and solid lines or the dashed and dot-double-dashed lines in In terms of the form factors given above, the differential decay rate for 
with the quark flavor q = s or d. The D (s) → Aℓν ℓ decay width has the expression
The D (s) → V ℓν ℓ decay rate can be obtained from Eqs. (12) and (13) by the following replacements:
Note that the form factors are real-valued. These expressions agree with Refs. [24] [25] [26] except for some obvious typos in Ref. [26] .
III. RESULTS AND DISCUSSION
In this section, we consider the semileptonic decays of both D and D s mesons. For the final states, we consider the P, V, S, A ones summarized below:
• P is the pseudoscalar Goldstone boson π, K, η, η ′ .
• V is the vector octet containing ρ, ω, K * , φ.
• S is the scalar meson lying above 1 GeV, and refers to a 0 (1450), f 0 (1500), f 0 (1710) and K * 0 (1450). The state f 0 (1370) will not be considered by us since its mass and width have not been well determined yet. PDG [27] shows that its pole position is at (1200 −1500) −i(150 −250) MeV, and the Breit-Wigner or K−matrix mass and width at (1200 − 1500) − i(200 − 500) MeV. Note that the imaginary part of the pole position corresponds to half of the width. From this prospective, the main emphasis should be first concentrated on its pole determination. Otherwise, the branching fraction cannot be predicted in a comparable precision as other S states. Concerning the various experimental issues about the S states above 1 GeV, one may refer to the review [28] .
• The axial-vector meson denoted by A with the spin and parity quantum numbers
− is classified into two categories: 1 ++ and 1 +− . The former contains a 1 (1260), f 1 (1285), f 1 (1420) while the latter consists of b 1 (1235), h 1 (1170) and h 1 (1380). We will not consider a 1 (1260) due to its extremely broad width 200 − 600 MeV [27] . We also note that a 1 (1260) and b 1 (1235) cannot be mixed together due to the opposite charge conjugation parity (C−parity). In fact, for the fermion-antifermion pair, one has C = (−1) L+S with L and S denoting the orbital angular momentum and total spin between the fermion-antifermion system. But K 1A and K 1B do mix together to form the physical mass eigenstates K 1 (1270) and K 1 (1400) due to the strange and non-strange quark mass difference.
The properties of the pseduscalar mesons π, K, η and the vector states ρ, ω, φ, K * are very well-known. The η and η ′ mixing can be written in terms of their quark states η q and η s corresponding to the≡ (uū + dd)/ √ 2 and ss components, respectively:
with the mixing angle φ = 39.3
We now introduce the mixing scheme for axial-vector states as well as the scalar f 0 states above 1 GeV. For the axial-vector mesons, we have [32] 
with α f 1 = 69.7
• , and
with α h1 = 86.7
• . As before, f 1q and h 1q denote thecomponent of f 1 and h 1 , respectively, while f 1s and h 1s denote the corresponding ss components. Note that in the literature, the mixing angle θ is often referred to the singlet-octet one, and α = θ + 54.7
• [33] . An "ideal" mixing is defined as tan θ = 1/ √ 2, i.e., θ = 35.3
• . Clearly, the h 1 (1170) is dominated by h 1q , while the h 1 (1380) mainly consists of ss. The mixing is described at the level of state and thus the amplitude A (or the corresponding form factor) also obeys the relations
Note that there are no D → f 1s and D s → f 1q transitions. The factor of 1/ √ 2 coming from (uū + dd)/ √ 2 should be kept in mind since only the dd component of f 1 state is used in the D → f 1 transition. Similar relations also hold for h 1 , and f 0 states below
The physical mass eigenstates K 1 (1270) and K 1 (1400) are the mixture of the 1 P 1 state
and we will take θ K 1 = 33
• from the analysis of Ref. [32] . The corresponding form factors can be obtained by
with
Concerning the scalar nonet with mass above 1 GeV, the a 0 (1450) and K * 0 (1430) are believed to be the conventionalmesons, while the interpretations of f 0 (1370), f 0 (1500) and f 0 (1710) are not yet achieved in full agreement, although it is generally argued that one of them contains mainly the scalar glueball. The controversial issue is focused on which one is primarily a glueball. The analysis of Ref. [34] shows that the f 0 (1710) should have a large glueball component and f 0 (1500) is mainly a flavor octet: (2) 
with G denoting a glueball. More interesting discussions on the details can be found in Ref. [34] in which all the existing lattice calculations and experimental data have been considered. Hence, we adopt the mixing scheme given in Eq. (22) . In fact, we wish to stress that the proposed measurements of semileptonic D or D s transitions to f 0 states will be a powerful test for its inner structure due to the absence of the final-state interaction between f 0 and the lepton pair. As least, it can serve as a useful complement.
Based on the expressions in Sec. II and the information for the form factors in Ref. [12] , one can deduce the decay rates dΓ/dq 2 for D (s) → Mℓ + ν ℓ decay and the branching fraction
We refrain from repeating the values shown in Ref. [12] , where the form factors for D (s) decays to P , V , S, A(1 ++ ), A(1 +− ) can be found in Tables 4−9 , respectively. Our results for the branching fractions are summarized in Table I for the electron decay mode and Table II for the muon mode. Strictly speaking, the D decays corresponds to the charged case, since in the CLFQM the decay constant for D + is used to determine the β in the vertex function [11, 12] .
Several remarks are in order: rates. This in turn demonstrates its predictive power. After all, we wish to stress again that an extrapolation from the space-like region to the physical time-like one with the pole-model behavior (Eq. (8)) has been utilized for form factors.
• According to the BESIII plan [14] [15] [16] 
s pairs will be accumulated per year. The decays D + s → h 1 (1380), K 1 (1270) will be easily measured and tested. But the decays involving f 0 (1710) as a final state cannot be detected currently due to the limited statistics. However, for a super taucharm factory, the luminosity will be enhanced by 100 times [17, 18, 37, 38] , and then the goal for the measurement of these channels can be realized. We also note that CLEO has measured the branching fraction of
e with the result of (7.6 ± 4.1) × 10 −4 [39] . Considering the lifetime difference between D 0 and D + , our result agrees with experiment.
• The origin for different orders of magnitudes for branching fractions is typically understood in terms of the Cabibbo suppression and/or phase space suppression (e.g., comparing D → f 0 (1500) and D → f 0 (1710)).
• Table I . In particular, the difference for the D →K * case is a bit larger, a factor of 1.4 between theory and experiment comparing the central values.
This reminds us of some possible theoretical errors. The main uncertainties come from form factors, the CKM matrix elements |V cs | and |V cd |, and also the mixing angles (e.g.,
Eqs. (16), (17) and (22)). In Ref. [12] , the uncertainty of decay constants has been propagated to the values of β in light-cone wave functions, otherwise, a 10% variation in β is allowed. The uncertainty arising from the form factors is typically of the order of 2%. The CKM matrix elements
are quoted by PDG [27] . Considering the modulus squared, this will yield around 5% uncertainty. The uncertainty induced by the mixing angle needs more care. We assign the uncertainties of 8 Tables I and II . Indeed, the uncertainty in the mixing angles dominates the error estimate for D → A transitions.
From this point of view, it should be understood that the BESIII measurement on these channels will be highly meaningful for a "precise" determination of the mixing angle, as also mentioned in the Introduction.
• We also comment on the semileptonic decay mode involving a tau lepton. 
However, the aforementioned semileptonic tau mode will be highly suppressed since there is no valence s quark in the pion. One possible mechanism will be the process D
We wish to comment that even-parity light mesons, including the axial-vector meson, and the scalar meson above 1 GeV can be also studied via D (s) two-body decays [40, 41] within the framework of the topological diagram approach and the factorization scheme.
The semileptonic decay modes investigated here will provide a more clean environment to explore the nature of these mesons owing to the absence of the strong hadronic finalstate interactions manifested in the two-body hadronic decay. Furthermore, the size of the branching fractions considered here is of the same order as the ones in Refs. [40, 41] typically ranging from 10 −6 to 10 −3 . So, at least, our proposal for the semileptonic mode can be done as a supplement.
At last, we comment on the light scalars close to or below 1 GeV, namely the a 0 (980), f 0 (980) and f 0 (500) mesons. The structure of these mesons are still controversial to date. One of the popular viewpoints is to regard them as the tetraquarks (see e.g., Ref. [42] ) or the molecular states of ππ and KK (see also a very recent work [43] ), since the conventionalassignment will encounter some severe problems contradicting with experiment, see the discussions in
Refs. [41, 44] . A complete list of references can be found in the reviews [45, 46] . If they are indeed tetraquark states, it will be difficult to tackle them by the CLFQM which is only suitable for treating themeson. However, the attempt of probing f 0 (500) and f 0 (980) using the CLFQM by assigning them as theconfiguration is available in Ref. [47] , where theand ss mixing angle was obtained and the D + → f 0 (980)e + ν e branching fraction was predicted. The underlying relations between the relevant form factors are similar to those discussed above. Following the guidance of the values presented in Ref. [11] , the shape parameter β was (somewhat arbitrarily) chosen to be 0.30 allowing 10% variation there.
That is, it is not fixed by the corresponding decay constant of the f 0 (980) which is zero.
The vanishing decay constants of the neutral f 0 (500), a 0 (980), f 0 (980) are the consequence of the charge-conjugate invariance [11] . In other words, the shape parameter cannot be well fixed by the information of the decay constant, and instead, other model calculations may be used. 
IV. CONCLUSION
The covariant light-front model is a powerful tool to predict the electroweak decay form factors. In Ref. [11] , the authors have systematically calculated the form factors for D transition to S-and P -wave mesons. The extension to the D + s decay has been done in Ref. [12] , where the parameters β in the light-front wave functions were constrained by the available experimental information as well as the lattice results. Based on the form factors there, we have calculated the branching fractions for various channels of the D and D s decays to (P, S, V, A) ℓν ℓ , with P, S, V, A denoting a pseudoscalar, scalar above 1 GeV, vector and axial-vector, respectively, and ℓ = e or µ. Results are shown in Table I for the electron decay mode and Table II 
